ABSTRACT Werner Risau's work had a decisive impact on defining the overall nature of neovascularization processes during development and had the capability to integrate different directions in the field of endothelial cell biology research. In particular, he had a special interest in understanding the development, differentiation and maintenance of the blood-brain barrier. Risau very successfully propagated the concept that the same factors, such as basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF), which are essential for the formation of blood vessels during embryonic development, also influence pathological angiogenesis during tumor growth. This review is dedicated to a retrospective analysis of the most important contributions of Risau's work in the field of angiogenesis during embryonic development and in post-natal life, in both physiological and pathological conditions.
Introduction
Werner Risau was born on December 18, 1953. He studied Chemistry and Biochemistry at the University of Münster and Tübingen, before he went in 1984 to the laboratory of Judah Folkman at the Children's Hospital of the Harvard Medical School, Boston. In 1999, Folkman wrote that: "He had written to me that he wished to learn the arcane world of endothelial cells and the growth factors that regulate them. I answered that there was only one such factor, bFGF, and the existing supply was only a few micrograms, but that he was welcome to come nevertheless. He did.He quickly became an expert and then a pioneer on the role of this protein in neovascularization, and he also became intrigued with studying the development of the vascular system in the chick embryo (…) After he completed his fellowship and had left our lab, we watched with great pride his meteoric rise as a distinguished scientist known throughout the world. His seminal studies established the molecular mechanisms of VEGF and its receptors, pioneered the identification of cell lineages in the vascular system, and laid the ground work for a molecular distinction between vasculogenesis and angiogenesis. " Risau worked initially in Junior Group leader position at the Max Planck Institute for Experimental Biology in Tübingen and thereafter at the Max Planck Institute for Psichiatry, Department of Neurochemistry at Martinsried close to Munich (Figure 1 ). In 1993 he was appointed to the position of a Director at the Max Planck Institute for Physiology and Clinical Research in Bad Nauheim, until his death at age of 44 on December 13, 1998. Risau's work had a decisive impact on defining the overall nature of neovascularization process during embryonic development. He propagated the concept that the same factors, which are essential for the formation of blood vessels during embryonic development, also influence pathological angiogenesis during tumor growth.
Changes in extracellular matrix during embryonic vasculogenesis and angiogenesis
The extracellular matrix of the developing blood vessels modifies its composition in terms of expression of fibronectin, laminin, collagen type IV and distribution of specific glycosaminoglycans (Ausprunk, 1986) .
Risau demonstrated that blood islands in the yolk sac produced high levels of fibronectin but not laminin, whereas all intraembryonic blood vessels are surrounded by a fibronectin-rich extracellular matrix early in the development, which is susequently remodeled into a basement membrane-like matrix (Risau and Lemmon, 1988) . Capillary sprouts invading the neuroectoderm migrated in a fibronectin-rich matrix devoid of laminin. Ultrastructural immunolocalization demonstrated the presence of fibronectin exclusively on the abluminal site of endothelial cells. Around larger vessels (e.g. dorsal aorta) several layers of fibronectinexpressing cells can be observed early on, but are devoid of laminin.
Overall, Risau amd Lemmon proposed that laminin is an early marker for vascular maturation.
Characterization of fetal liver kinase-1 (flk-1)
Flk-1 is the first endothelial receptor tyrosine kinase known to be expressed on endothelial cell precursors and plays a central role in regulating embryonic vascular development and tumor angiogenesis. Mice deficient in flk-1 died in utero between days 8.5 and 9.5 postcoitum, as a result of an early defect in the development of hematopoietic and endothelial cells and a complete lack of vasculature (Shalaby et al., 1995) .
Risau and co-workers (Kabrun et al., 1997) investigated the expression of pattern of vascular endothelial growth factor receptor-2 (VEGFR-2) in mouse embryonic and fetal hematopoietic tissues as well as on hematopoietic tissues derived from these tissues and demonstrated that flk-1 expression provides a marker for the earliest detectable hematopoietic precursors. RNA analysis indicated that flk-1 was expressed in the yolk sac at day 10 and 12 of gestation, in the liver throughout fetal life and embryoid bodies. Flk-1 was also detected in erythroid and macrophage colonies generated from precursors of yolk sac, fetal liver, adult marrow and embryo bodies origin.
Risau and co-workers (Rönicke et al., 1996) isolated genomic clones that encompass the promoter region of the murine flk-1 gene and performed a functional analysis of the flk-1 promoter in vivo. They demonstrated that flk-1 5'-flanking sequences confer endothelium-specific expression in transfected endothelial cells. In a paper published in 1999, after Risau death, Kappel et al. (1999) characterized regulatory sequences in transgenic mice. Despite their activity in cultured endothelial cells, 5'-flanking sequences alone could not target expression of a LacZ reporter gene to the endothelium of murine embryos. However, in combination with sequences form the first intron of the flk-1 gene, the flk-1 promoter could specifically drive reporter gene expression in endothelial cells.
Risau and co-workers (Kappel et al., 2000) identified by mutational analysis binding sites for SCL/Tal-1, GATA, and Ets transcription factors as critical elements for the endothelium-specific flk-1 gene espression in transgenic mice, providing the first evidence that SCL/Tal-1, GATA, and Ets transcription factors act up-stream of flk-1 in a combinatorial fashion to determine embryonic blood vessel formation and are key regulators not only of hematopoiesis, but also of vascular development.
Embryonic brain angiogenesis
Risau focused his interest on the vascularization of the brain, where a primary plexus surrounds the neural tube. From this plexus capillary sprouts invade the neuroectoderm. The endothelial cells migrate deep into the neuroectoderm and form capillary branches into the subependymal layer. This process is regulated by the developing organ itself and seems to be dependent on the growth and differentiation of cells present in the brain.
Risau characterized endothelial cell growth and angiogenic factors from embryonic chick brain extracts, two of which were identified as acidic and basic fibroblast growth factor (aFGF and bFGF) (Risau, 1986; . The mitogenic activity in chick brain was found to increase several hundred fold during embryonic chick brain development and reached a plateau at around day 14. The mRNA levels of the chick aFGF gene showed a similar pattern during brain development (Schnürch and Risau, 1991) . However, growth factor activity and aFGF as well as bFGF gene transcription is not down-regulated concomitantly with cessation of endothelial cell growth in postnatal brain and these factors are most abundant in the adult brain when angiogenesis has ceased (Schnürch and Risau, 1991) . This suggest that either the activity of these factors is inhibited in the later stages of development or that these factors are not involved in embryonic brain angiogenesis. Furthermore, both aFGF and bFGF do not possess a hydrophobic signal sequence needed for efficient secretion from their producer cells, and their mode of secretion is unknown.
The role of vascular endothelial growth factor in brain angiogenesis
Over the years, five VEGF related genes have been identified (VEGF-A, VEGF-B, VEGF-C, VEGF-D and VEGF-E). There are five characterized VEGF-A isoforms of 121, 145, 165, 189, and 206 amino acids in mammals, generated by alternative splicing of the mRNA from a single gene comprising eight exons. They display differential interactions with related receptor tyrosine kinases VEGFR-1/Flt-1, VEGFR-2/Flk-1, VEGFR-3/Flt-4, and neuropilin-1 an -2. As a result of the receptor activation and subsequent signal transduction, VEGF target cells may proliferate, migrate or alter gene expression, eg. of matrix metalloproteinases or cytokines (Ribatti, 2005; 2008) .
Risau cloned the gene encoding mouse VEGF and found that the spatial and the temporal expression pattern of VEGF mRNA correlated with angiogenesis during embryonic development in the mouse brain . By in situ hybridization, Risau and co-workers showed that in day 17 mouse embryos VEGF mRNA was expressed in the ventricular layer of the developing neuroectoderm. A concentration gradient of the diffusible VEGF isforms declining from the ventricular layer towards the perineural vascular plexus may cause the radial ingrowth of capillaries from the vascular plexus towards the angiogenic stimulus provided by VEGF secreting ventricular epithelial cells . In contrast to the transient expression in ependymal cells, VEGF expression persisted in the choroid plexus epithelium of the brain on adult mice, when vascularization of these structures is complete.
Risau and co-workers isolated an high affinity VEGF-receptor from proliferating endothelial cells of postnatal day 4-10 mouse brain, when there was maximal endothelial cell proliferation . This VEGF receptor belong to the family of receptor tyrosine kinases and had previously designated flk-1 (Matthews et al., 1991) . In situ hybridization in the embryonic day 14.5 mouse embryo revealed that flk-1 was restricted to capillaries and blood vessels. At day 11.5 in the mouse embryo when the first vascular sprouts begin to radially invade the neuroectoderm form the perineural plexus, expression of flk-1 was high in the perineural vascular plexus and in invading vascular sprouts . At embryonic day 14.5, when the neuroectoderm is already highly vascularized, numerous radial vessels as well as branching vessels of the intraneural plexus contained large amounts of flk-1 mRNA . Finally, in the adult brain, when angiogenesis has ceased, flk-1 expression was very low and restricted to the choroid plexus endothelial cells.
Risau and co-workers demonstrated that flk-1 was highly expressed in early postnatal mouse brain but was down-regulated at postnatal day 15 and was hardly detectable at postnatal day 30 (Kremer et al., 1997) . Moreover, they observed that hypoxia up-regulated flk-1 in postnatal day 30 mouse brain slices, suggesting the presence of a hypoxia-inducible factor in the murine neuroectoderm that up-regualated flk-1.
The specific role of VEGF as an embryonic angiogenesis factor was further supported by experiments in which VEGF was overexpressed in the limb of chick embryos, resulting in hypervascularization without alteration of limb morphogenesis (Flamme et al., 1995) .
Risau described an additional endothelial cell-specific receptor tyrosine kinase, tie 2 (tek) in developing vasculature of the brain, which is down-regulated in adult organism .
Characterization of the blood-brain barrier
Although there has been considerably controversy since the observation by Ehrlich more than 100 years ago that the brain did not take up dyes from the vascular system, the concept of an endothelial blood brain barrier (BBB) was confirmed by the unequivocal demonstration that the passage of molecules from blood to brain and vice-versa was prevented by endothelial tight junctions. There are three major functions implicated in the term BBB: 1) protection of the brain from the blood mileu; 2) selective transport and, 3) metabolism or modification of blood-or brainborne substances.
The BBB phenotype develops under the influence of associated brain cells, especially astrocytic glia, and consists of complex tight junctions and a number of specific transport and enzyme systems which regulate molecular traffic across the endothelial cells. The development of the BBB is a complex process that leads to endothelial cells with unique permeability characteristics due to high electrical resistance and the expression of specific transporters and metabolic pathways.
Risau had a special interest in understanding the development, differentiation and maintenance of the BBB.
Risau and co-workers characterized a monoclonal antibody named HT7 that recognizes a highly glycosylated 48 kDa protein, which belongs to the immunoglobulin-superfamily, which is expressed specifically on cerebral endothelium (Albrecht et al., 1990; Seulberger et al., 1990; . The HT7 antigen is specifically expressed on chicken BBB endothelium but not on other endothelial cells Albrecht et al., 1990) . It is absent from the fenestrated choroid plexus endothelium but present on choroid plexus epithelium, the site of the cerebrospinal fluid barrier. Risau and co-workers investigated the expression of HT7 in the brain circumventricular organs which lack a BBB. Using immunohistochemical techniques they found that the protein was absent from the vascular system of pituitary, median eminence, subfornical organ, pineal gland, the organum vasculosum lamina terminalis and sinusoid blood vessels of the area postrema.
Embryonic mouse brain tissue transplanted on the chick embryo chorioallantoic membrane induced the expression of this protein in endothelial cells derived from the chick chorioallantoic vessels, which normally do not express this protein. Several homologues in different species have been described (Seulberger et al., 1992) .
In collaboration with Hartwig Wolburg's laboratory, Risau performed a quantitative analysis of the structure and function of tight junctions in primary cultures of bovine brain endothelial cells using quantitative freeze fracture electron microscopy and ion and inulin permeability (Wolburg et al., 1994) . By freeze fracture analysis, Risau demonstrated that P-face associated tight junctions particles rather than the number of branching frequency of tight junction strands correlates with BBB function. The complexity of tight junctions, defined as the number of branch points per unit length of tight junctional strands, decreased 5 hours after culture, but thereafter remained almost constant. In contrast, the association of tight junction particles with the cytoplasmic leaflet of the endothelial membrane bilayer (P-face) decreased continuously with a major drop between 16 and 24 hours of culture. The P-face association of tight junctions could be restored to a certain extent by co-culture of endothelial cells with astrocytes or astrocyte conditioned medium. Co-culture with fibroblasts had no effect on P-face association. This study demonstrated that the cytoplasmic anchoring of the tight junctions plays an important role in the functioning of the BBB. Occludin is an integral membrane protein specifically associated with tight junctions. Although it has been demonstrated not to be necessary for the induction of functional junctions, it was found by establishing transfectants with an N-terminal truncated occuldin that the Nterminal half of occludin plays an important role in tight junction assembly and maintenance of the barrier function.
Risau and co-workers (Klingler et al., 2000) demonstrated that following removal of calcium from the culture medium of epithelial cells in vitro, protein kinase A is activated and subsequently is involved in the disruption of tight junctions. Engelhardt and Risau (1995) proposed two phases of endothelial-neuroectodermal interactions leading to BBB differentiation. Their model is based on the observation that early during brain angiogenesis induction of specific genes can be observed in brain endothelial cells. In a subsequent phase, secondary interaction of "committed" brain endothelial cells in the developing neuroectodermal elements induce further endothelial differentiation, which leads to the fully functional BBB.
Angiogenesis in glioma
Glioblastoma is the most common and most malignant tumor of astrocytic origin in human adults. It includes about 50% of all glial tumors in humans. Glioblastoma multiforme is one of the most vascularized tumors, characterized by numerous and abnormal blood vessels, which rapidly proliferate and invade the brain tissue. Tumor blood vessels are characterized by several alterations consisting in an increase of the number of endothelial caveolae and fenestrations, prominent pinocytotic vesicles, lack of perivascular glial endfeet, as well as opening, loss and/or abnormal morphology of tight junctions, leading to an alteration of the vascular permeability and the loss of the BBB properties.
Risau and co-workers observed in low-grade glioma up-regulation of VEGF in some tumor cells, wheras in high-grade gliomas, in particular in glioblastoma, observed a significant up-regulation of VEGF mRNA in certain tumor areas (Plate et al., 1992; . Histological analysis revealed a striking association of VEGF mRNA producer cells with areas of necrosis (Plate et al., 1992; . Moreover, Risau and co-workers observed a tumor-stage up-regulation of VEGFR-1 and VEGFR-2 during tumor development and progression. VEGFR-2 transcripts were not detected in normal human adult brain vascular cells, whereas they were detected in vascular cells in high-grade gliomas, but not within low-grade gliomas .
The availability of a suitable rat glioma model has allowed Risau and co-worker to study the mechanisms of glioma angiogenesis in vivo (Plate et al., 1993) . Rat C6 glioma cells, when transplanted into the brain of syngeneic recipient rats, form brain tumors which resemble human malignant glioma. In these experimental brain tumors, the expression of VEGF, VEGFR-1 and VEGFR-2 was strongly up-regulated during tumor development, as in malignant human glioma. Risau and co-workers have shown that VEGFR-2 is necessary for glioma angiogenesis. A dominantnegative mutant of VEGFR-2, whick lacked most of the intracellular domain, was able to inhibit wild-type VEGFR-2 activity in vitro (Millauer et al., 1994) . In mice, tumor growth was significantly inhibited when cells producing a virus encoding the VEGFR-2 mutant were cotransplanted with tumor cells. Histological analysis revealed that tumor growth inhibtion was due to inhibition of angiogenesis (Millauer et al., 1994) .
Since mutations in the tumor suppressor gene p53 represent a common genetic alteration during glioma progression, Risau and co-workers analyzed whether p53 may be a negative regulator of VEGF expression, i.e. whether a p53 loss of function may up-regulate VEGF expression in vivo, since they observed a selective up-regulation of VEGF mRNA in certain glioma cells and hypothesized that these cells colud be deficient in p53 (Plate et al., 1992) . However, subsequent studies failed to provide evidence that p53 loss of function may up-regulate VEGF. In fact, the lack of co-expression of mutant p53 protein and VEGF in tissue sections of malignat glioma does not support this hypothesis .
The role of platelet derived growth factor in angiogenesis
Platelelt derived growth factor (PDGF) is secreted by endothelial cells, presumably in response to VEGF, and facilitates recruitment of murals cells. Mutation of PDGF caused failure of recruitment of pericytes (Lindahl et al., 1997; . A detailed analysis of the vessel development in both PDGF and PDGF-receptor mutant embryos showed that smooth muscle cells and pericytes initially form around vessel but, as vessel sprout and enlarge, PDGF signaling is required for co-migration and proliferation of supporting cells (Hellstrom et al., 1999) .
Risau demonstrated that endothelial cells cultured on nitrocellulose membranes secreted a potent PDGF-like chemotactic factor almost exclusively onto the abluminal compartment (Zerwes and Risau, 1987) .
Risau contributed to the protein sequencing, cDNA cloning and expression of functionally active platelet derived endothelial cell growth factor (PD-ECGF) and demonstrated that PD-ECGF has chemotactic activity for endothelial cells in vitro and angiogenic activity in vivo in the chick embryo chorioallantoic membrane assay (Ishikawa et al., 1989) .
Hypoxia and angiogenesis
Oxygen tension is a crucial factor in new vessel growth, with regions of hypoxia which induce the expression of angiogenic molecules, such as VEGF-A, and hypoxia stimulates vasculogenesis (Hoper and Jhan, 1995) . Hypoxia-inducible factor-1α (HIF-1α) is a transcription factor that is selectively stabilized and activated under hypoxic conditions, and that coordinates the adaptive response of tissue to hypoxia (Semenza, 1999) . Hypoxia and the subsequent alteration of HIF-1α, can induce VEGF-A and stromal cell derived factor-1 (SDF-1), which stimulate migration of endothelial precursor during vasculogenesis (Ramirez-Bergeron et al., 2006) .
One of the major drives to tumor angiogenesis is hypoxia, which is a characteristic of the tumor microenvironment and is a negative prognostic factor for cancer patient response to treatment and survival (Harris, 2002) . Production of proangiogenic mediators by tumor cells and inflammatory leukocytes in response to hypoxia was demonstrated both in vitro and in vivo in hypoxic areas of tumors of different origin (Ryan et al., 2000) . In particular, VEGF is one of the key angiogenic factors implicated in hypoxia-induced angiogenesis of a wide variety of tumors (Roftsad and Danielsen, 1999; Shweiki et al., 1992; Mizukami et al., 2004) .
Risau and co-workers (Damert et al., 1997) asked whether the mechanism defined for hypoxia-induced VEGF expression in vitro are similarly involved and sufficient for up-regulation of VEGF gene expression in vivo. To this purpose, they used a lacZ reporter gene under the control of VEGF regulatory sequences in an experimental glioma model and demonstrated that deletion of the HIF-1 binding sites abolished reported gene expression in a special tumor cell subtype, the so-called perinecrotic palisanding (PNP) cells that flank necrotic regions within the tumors, indicating that transcriptional activation of VEGF expression in gliomas is mediated by HIF-1. Inclusion of 3' untranslated sequences from the VEGF gene in the reporter constructs resulted in an increased β-galactosidase expression in the PNP cells, suggesting that mRNA stabilization also contributes to VEGF up-regulation in glioblastoma cells. Moreover, combination of the 5' flanking region including the HIF-1 site along with 3' untranslated sequences produced increased level of β-galactosidase expression in PNP cells. Overall, these data provide experimental evidence that VEGF gene expression is activated in PNP cells by two distinct hypoxia-driven regulatory mechanisms. Marti and Risau (1998) demonstrated that VEGF is induced in vivo by exposing mice to systemic hypoxia. VEGF induction was highest in brain, but also occurred in kidney, testis, lung, heart and liver. In situ hybridization analysis revealed that a distinct subset of cells within a given organ, such as glial and neurons in brain, tubular cells in kidney, and Sertoli cells in testis, responded to the hypoxic stimulus with an increase in VEGF expression. Furthermore, expression of VEGFR-1 was induced by hypoxia in endothelial cells of lung, heart, brain, kidney and liver.
Risau and co-workers (Marti et al., 2000) demonstrated that 48 and 72 hours after permanent middle cerebral artery occulsion in mouse, a strong increase in the number of newly formed blood vessel was recognizale at the border of infarction. Expression of VEGF and of VEGFRs was strongly up-regulated in the ischemic border and finally, HIF-1 and HIF-2 were increased in the ischemic border after 72 hours, suggesting a regulatory function for these factors.
